The underlying pathophysiology of liver dysfunction in urea cycle disorders (UCDs) is still largely elusive. There is some evidence that the accumulation of urea cycle (UC) intermediates are toxic for hepatocyte mitochondria. It is possible that liver injury is directly caused by the toxicity of ammonia. The rarity of UCDs, the lack of checking of iron level in these patients, superficial knowledge of UC and an underestimation of the metabolic role of fumaric acid, are the main reasons that are responsible for the incomprehension of the mechanism of liver injury in patients suffering from UCDs. Owing to our routine clinical practice to screen for iron overload in severely ill neonates, with the focus on the newborns suffering from acute liver failure, we report a case of citrullinemia with neonatal liver failure and high blood parameters of iron overload. We hypothesize that the key is in the decreased-deficient fumaric acid production in the course of UC in UCDs that causes several sequentially intertwined metabolic disturbances with final result of liver iron overload. The presented hypothesis could be easily tested by examining the patients suffering from UCDs, for liver iron overload. This could be easily performed in countries with a high population and comprehensive national register for inborn errors of metabolism. Conclusion: Providing the hypothesis is correct, neonatal liver damage in patients having UCD can be prevented by the supplementation of pregnant women with fumaric or succinic acid, prepared in the form of iron supplementation pills. After birth, liver 
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INTRODUCTION
Urea cycle defects (UCDs) occur in approximately 1 of 30000 live births [1] . The clinical hepatic presentation of the UCDs may include acute liver failure (ALF), liver dysfunction, and hepatocellular injury. The UCDs are not considered as significant metabolic diseases that cause severe liver dysfunction and ALF [2, 3] . However, according to the previous reports, people affected by hepatocellular injury and ALF are also diagnosed as having ornithine transcarbamylase (OTC) deficiency [4, 5] , the most common UCD. Other UCDs are also associated with hepatocellular injury and liver failure [6] [7] [8] [9] [10] [11] [12] [13] [14] . Although liver dysfunctions and histopathological liver changes in patients with the UCDs have been reported since the late 1970s [15] , the underlying pathophysiology of hepatic dysfunction has remained unknown. There is some evidence that the accumulation of urea cycle intermediates is toxic for hepatocyte mitochondria [16] . Recently it was shown, in vitro, that liver injury could be caused by direct toxicity of ammonia [17] . The toxicity of carbamoyl phosphate has also been proposed, but this is conjectural [18, 19] . A variety of mitochondrial changes have been demonstrated on the electron microscopy of liver samples of patients with UCDs: An enlarged mitochondria with a swollen cristae and a dense matrix and numerous electron dense bodies of different sizes in the mitochondrial matrix [20] . Notably, these mitochondrial changes in the reported patients, were present exclusively in liver cells.
Neonatal hemochromatosis is another disorder followed by severe hepatic injury and associated with extrahepatic siderosis. NH is one of the most commonly recognized causes of liver failure in a neonate [21] . The presence of the UCDs and NH among neonates have very similar clinical and laboratory presentations. While the mechanism of liver damage in the NH is known [22] , the mechanism of liver damage in the UCDs has not still been discovered.
Herein we present a case of a newborn affected by severe liver and central nervous system (CNS) toxicity. Furthermore, we aimed to provide a brand new and metabolically based view on the pathophysiology of liver failure among patients diagnosed with the UCDs, with the prospect of its prevention.
CASE REPORT
The propositus was a 2-day-old male, born at 39 gestation weeks, weighing 3610 g. He was the sixth child of non-consanguineous parents. All previous pregnancies were normal, and all children are healthy. No previous abortions have occurred. The family history was negative for metabolic diseases. During the first hours of life, the health of the newborn male worsened due to vomiting, lethargy and focal seizures. He was immediately transported from a local hospital to University Children's Hospital for further examinations and treatment. Initial laboratory analyses showed an absence of hypoglycemia, total bilirubin level 42 μmol/L, conjugated fraction 28 μmol/L, alanine aminotransferase (ALT) level of 987 IU/L, aspartate aminotransferase (AST) level of 4165 IU/L and lactate dehydrogenase level 4760 IU/L. Ammonia level was 823 μmol/L. The coagulation test displayed extended partial thromboplastin time (PTT) of 59.5 s, extended prothrombin time (PT) of 22.2 s and international normalized ratio (INR) of 1.75. Fibrinogen level was normal (2.24 g/L). Having completed the routine screening of iron concentration (performed for neonatal iron overload), the results showed elevated iron serum concentration (30.7 μmol/L), very high ferritin (7145.6 ng/L), decreased serum transferrin concentration (1.35 g/L), TIBC 34.1 μmol/L and transferrin saturation 90% accordingly. A biopsy of submucosal oral salivary glands was done as well. Without knowing of histological findings of biopsy specimen, the patient was diagnosed as having NH. It was decided to treat the patient with blood exchange transfusion and intravenous immunoglobulin, but there was no improvement. Two days later, the pathologist reported that the biopsy specimen stained for iron deposits, was negative. The diagnosis of NH was immediately suspended and patient's blood and urine samples were urgently sent to another medical institution for metabolic testing. The results of that testing showed: High citrulline (328 μmol/L, normal 10-21 μmol/L) and high alanine (847 μmol/L, normal range 274-384 μmol/L) levels, as well as high urine orotic acid excretion (0.9, normal < 0.14). This metabolic profile finding gave the final diagnosis of citrullinemia type Ⅰ, a defect in the urea cycle, caused by the deficiency of argininosuccinate synthetase. The treatment was continued according to the rules for the treatment of acute hypeammomiemia [23] . It included prompt removal of ammonia from the body and providing the organism with adequate calories and essential amino acids to halt further breakdown of endogenous proteins. 
DISCUSSION
Clinical presentation, laboratory tests findings and course of the disease indicate that the patient had UCD (i.e., citrullinemia). This is in accordance with diagnostic criteria used by Urea Cycle Disorders Consortium of the Rare Diseases Clinical Research Network [24] , as well. In addition, we think that the patient had another very serious disease, a form of high level of iron concentration, which caused severe liver failure. Due to the absence of siderosis in the biopsy specimen of the oral salivary submucosal glands, neonatal hemochromatosis phenotype as a cause of the high level of iron concentration in the blood, hyperferritinemia and very high transferrin saturation was excluded. Besides in the above mentioned report, the following data did not match with the diagnosis of NH: (1) five previously born healthy children; (2) absence of late second and third trimester fetal loss [25] ; (3) health of the patient immediately after birth; and (4) lack of improvement during the specific therapy applied in case of NH, i.e., intravenous immunoglobulin and exchange transfusion, as well.
Owing to the clinic's routine practice of using screening for checking the high concentration of iron in neonates' bodies, with the focus on the newborn children who suffer from acute liver failure, the presented case is, to our best knowledge, the first report of the high concentration of iron in newborns with UCD. No other cases of UCDs with high concentration of iron have been reported in the literature to date.
CNS toxicity manifested by lethargy and seizures can be explained by ammonia toxicity. Namely, the ammonia in CNS is detoxified using its own possibility to be accepted by α-keto glutarate and form glutamate. This produces the lack of α-keto glutarate in Krebs cycle in CNS cells, which become energy deprived. Liver toxicity in all existing cases of UCDs was explained in a speculative way [15, 16, [18] [19] [20] . Acute liver failure, i.e., liver toxicity in patients having UCD can be logically explained on a basis of an "isolated hepatic iron overload". According to our postulation, this specific iron overload, is an inevitable occurrence in lives of many patients suffering from UCD. It is, probably, the cause of the liver damage that is seen among many UCD patients in their post neonatal life, as well.
There are several reasons which are responsible for the incomprehension of the mechanism of the liver injury in patients suffering from the UCDs. Firstly, there is a rarity of the UCDs. Secondly, there is a lack of checking of iron levels in these patients. The third reason is the superficial knowledge of the urea cycle (UC) and the underestimation of the metabolic role of fumaric acid (FA) which is a byproduct in the UC and its physiologic importance. During the preparation of this work we even found one scientific article in which the metabolic map of the UC was depicted without FA [26] . It is worth mentioning that several of the components and reactions of citric acid cycle were analyzed the 1930s in the research of the Nobel laureate Albert Szent-Györgyi. He received the Nobel Prize in 1937 for his discoveries pertaining to fumaric acid, a key component of the cycle [27] . For better understanding of our theory, at this point we have to remind the readers that the liver is the predominant hematopoietic organ through the period of weeks 20 th to 24 th week of gestation [28] . According to our theory, there are compounds whose metabolism is the key for understanding and elucidation of the mechanism of hepatic injury in the UCDs. These are succinyl-CoA, i.e., succinic acid (SA) and fumaric acid (FA), their intertwined pathways and their physiological roles.
Succinic acid
The sources of SA are exclusively located in mitochondria. SA is produced from α-ketoglutarate, methionine, isoleucine, valine, cholesterol and from β-oxidation of odd-chain fatty acids in the form of activated succinate, i.e., succinyl-CoA. Succinyl-CoA, which is easily converted to succinic acid and vice versa (via the catalytic activity of succinyl-CoA synthetase, also known as succinate thiokinase or succinyl-CoA ligase) has three metabolic roles. The first one is the energy production, through the course of TCA, in the form of nucleoside triphosphates (ATP and GTP). The second role is also related to the energy production via the ketone body activation (KBA) and utilization. The third metabolic role of succinyl-CoA is heme formation. These three physiological functions of SA are basically enabled by the catalytic activity of succinate thiokinase (STK). Mammalian cells have two distinct STKs. One STK is specific for GDP/GTP (G-STK) chondria, oxaloacetate is converted in aspartate which is, then, exported into the cytosol by citrin and is reused for urea synthesis (Figure 2 ).
In conclusion, in accordance with our theory, FA and SA form a basic, mitochondrial dynamic exchangeable pool. Depending on the metabolical needs of the cell (energy production, ketone body activation and heme production) the chemical equilibrium can be directed to the left or to the right (Figure 3) .
Considering the law of chemical equilibrium reactions (the law of Guldberg-Waage, the law of reversible chemical reactions, A + B ↔ A' + B') in the case of the deficiency of a compound involved in the reaction, the equilibrium is directed toward the deficiency. In the presented case (citrullinemia), this means that because of complete deficiency of cytosolic FA production, the equilibrium is directed to the left, i.e., toward FA, with the consequence of less SA available for ketone body activation and heme production. Compromised heme synthesis leads to compromised hemoglobin production. As a consequence, the decreased heme and hemoglobin production is "understood" (because evolution is still not perfect) as iron deficiency by the fetal hematopoietic hepatic tissue ("liver bone marrow"). An identical mechanism operates in the cases of thalassemias and other anemias with ineffective hematopoiesis, such as the congenital sideroblastic anemia and congenital dyserythropoietic anemia, where the defect is recognized as iron deficiency. In all these situations because of ″iron deficiency″ there is an increased iron influx because of decreased hepcidin production [35] . During fetal life placenta tightly controls the movement of iron from the mother to the fetus by mechanisms that are similar to those controlling the absorption of dietary iron from the intestine [36] . Therefore, in fetal deficient hematopoiesis, which is wrongly recognized as iron deficiency, expression of hepcidin is down regulated with consequential increase of placental iron influx. An excess of iron was transferred across the placenta through the hepcidin receptor ferroportin, bound to transferrin and most of this iron was transported directly into the liver, the main hematopoietic fetal organ. This could be a physiologic event, since humans possess and the other STK is specific for ADP/ATP (A-STK). A-STK functions in TCA in the direction of succinyl-CoA breakdown for energy production in the form of ATP. G-STK has two metabolical roles. The first one is for the energy production in the form of GTP which is used for glucose production via gluconeogenesis. The second role presents reversing of SA into succinyl-CoA, at the expense of GTP, for ketone body activation and heme biosynthesis (Figure 1 ) [29] [30] [31] .
Fumaric acid
While SA is produced exclusively in mitochondria, FA is produced both, in mitochondria and in the cytosol. In mitochondria FA is gained from SA upon the catalytic action of succinate dehydrogenase, an enzyme located in mitochondria. The second mitochondrial production of FA is through the catabolism of phenylalanine (Phe) and tyrosine (Tyr). FA produced in mitochondria is primarily used for the energy production by converting to malate, and then to oxaloacetate. However, in mitochondria FA can be easily converted to succinate (upon catalytic activity of succinate dehydrogenase) and then to succinyl-CoA (via the activity of G-STK, for ketone body utilization and heme production). The cytosolic production of FA comes from the UC through the division of argininosuccinate to arginine and fumarate, by the action of argininosuccinate liase (or argininosuccinase). After adding water to fumarate forms L-malate, and subsequent NAD + -dependent oxidation converts L-malate to oxaloacetate. These two reactions are analogous to the reactions of the citric acid cycle, but are catalyzed by cytosolic fumarase and malate dehydrogenase. Oxaloacetate transforms by glutamate aminotransferase, then re-forms aspartate, which is used for the synthesis of citrulline [32] . Judging from the rate of gluconeogenesis [33] , it could be concluded that the need for aspartate in the cytosol largely depends upon the supply from the mitochondria [34] . Therefore, it is reasonable to believe that most of the FA produced in the cytosol by the division of argininosuccinate is transferred into the mitochondria where it is metabolized by fumarase and malate dehydrogenase to oxaloacetate. In mito- various transferrin isoforms, that differ in their degree of glycosylation [37, 38] . It is possible that each transferrin isoform refers to a specific cell/tissue/organ tropism. We argue that probably one of low glycosylated transferrin isoforms, known as carbohydrate-deficient transferrin, was involved in the transportation of the placental iron exclusively into the hepatic hematopoietic tissue. This argumentation could explain the absence of extrahepatic siderosis and the existence of high concentration of isolated hepatic iron and hepatic injury in the presented case. Not being used by erythroblasts for heme/hemoglobin synthesis because of the lack of FA, i.e., SA, the excess of the iron is deposited in hepatocytes and reticuloendothelial von Kupffer cells. In hepatocytes, the excess of iron is stored in the mitochondria (Fe 
Iron toxicity in intrauterine and extrauterine earth life
After birth, human being lives in the oxygen-enriched atmosphere. Our bodies require oxygen for many metabolic processes. However, oxygen is highly reactive and its interaction with non-chelated, i.e., free iron potentiates its toxicity. Normal cellular reactions, including respiration and "respiratory burst" generate reactive oxygen intermediates -superoxide free radical (O2 -) and hydrogen peroxide (H2O2). Superoxide free radical is promptly dismutated into less toxic hydrogen peroxide, via the catalytic activity of superoxide dismutase. Superoxide and secondary reactive oxygen intermediates (H2O2), are potent antimicrobial agents. When the production of reactive oxygen species exceeds the processing capacity of the body, oxidative stress appears. Under these circumstances, reactive oxygen intermediates may be converted to much damaging radicals by the iron-catalyzed Fenton reaction [39] , which is depicted bellow. In the cells with the high concentration of iron, the injured mitochondria and lysosomes become leaky [40] . The mitochondrial damage and release of lysosomal proteases cause further cell injury and may ultimately lead to the cell death. This process causes Note that all reactions of the urea cycle are unidirectional. In the TCA cycle most reactions are reversible, except for the initial reaction of the TCA, the condensation of acetyl-CoA with oxaloacetate to form citrate, and the reaction of oxidative decarboxylation of α-keto glutarate to form succinyl-CoA. Note that fumarate gained in the cytosol in the course of urea cycle (UC), to be reused in UC must be transported into the mitochondria to be converted to aspartate.
severe tissue damage in the liver, heart, and endocrine organs of patients who have disorders due to the high concentration of iron. These deleterious properties of iron are threatening only when the element, i.e., iron is in a "free" state or in an abnormal form within the cell. This happens in the cases of its high quantity and if this surplus is accompanied by life in oxygenenriched atmosphere. During fetal life, a fetus lives in a sterile atmosphere of the uterine cavity and in relatively low oxygen pressure. It is well known that oxygen physiologically diffuses down decreasing rate of partial pressure from air in the lungs PO2 (150 mmHg), pulmonary capillary vessels (105 mmHg), arterial blood (95 mmHg), placental vessels (30-40 mmHg), umbilical venous fetal blood (20-30 mmHg), equilibrate PO2 with the fetal tissues at PO2 of around 10-20 mmHg in a term fetus. Therefore, during the fetal life there is no peroxidation reaction and need for the "respiratory burst". As a consequence of low oxygen partial pressure, there is no generation of reactive oxygen intermediates, superoxide free radical and hydrogen peroxide. In that way, it is reasonable to speculate that iron accumulated in the fetal body does not exert its toxicity via the catalytic Fenton reaction properties. Problems start immediately after birth with the first breath and activation of the pulmonary function, reaching the arterial oxygen partial pressure between 75 mmHg and 100 mmHg, as well as the bacterial invasion of the newborn and start of the "respiratory burst".
Timing of organ-tissue injury in UCDs and NH
UCDs with neonatal presentation and NH have very similar clinical and laboratory characteristics. The main difference is the timing of the hepatic damage that conducts the mode of presentation at birth. Newborns with UCDs, immediately after birth, are healthy. The problems commence after the activation of the pulmonary function and bacterial invasion, with the activation of iron toxicity, too. On contrary, in case of the NH, the liver injury starts during the intrauterine life and is complement-mediated. At birth, the child having NH is already severely ill because of the liver injury with further deterioration of the hepatic function. It is complemented with the injury of extrahepatic organs which already contain high concentration of iron. After birth and development of the pulmonary function and bacterial colonization of the newborn, accumulated iron starts to exert its toxicity via the generation of injurious radicals (hydroxyl radicals (HO•) and hydroperoxyl radicals (HOO•) by iron-catalyzed Fenton reaction. The severity of liver damage in the UCDs is proportional to the amount of iron excess and the degree of FA deficiency, which is in a correlation with the degree of enzyme deficiency.
Complete enzyme deficiency results in very severe, life threatening neonatal liver disease, urgent for an instant liver transplant.
Testing the hypothesis-theory
Presented hypothesis could be easily tested by the examining of patients suffering from UCDs, the newborns and the patients with post neonatal, late presentation, for liver iron overload by using specific magnetic resonance imagination (MRI) for pathologic iron deposition in their livers. Having in mind the rarity of UCDs, i.e., its incidence of only 1: 30000 live births [1] , follows that this could be easily performed in countries with a high population and comprehensive national register for inborn errors of metabolism. The countries of choice for this purpose are the United States, Republic of China, Japan, Italy, France, Great Britain. In the United States with its 300000000 inhabitants, and approximately 3000000 of births per year, and UCD incidence of 1:30000 live births, each year approximately a hundred children have UCD. These children should be screened by MRI for liver iron overload. Provided the presented theory is correct, these children should have positive MRI for liver iron overload and would have a prospect for physiologically based mode of prevention.
Mode of prevention of neonatal liver damage
The presented theory, provided correct, offers a prospect for the prevention of hepatic damage in UCDs, during the fetal life and after birth, throughout the whole life, as well. During the fetal life prevention could be achieved by the gestational fumarate supplementation of pregnant women, as it is a routine practice for pregnant women to be supplied with iron because of higher need for iron during the pregnancy. mitochondria. On the other hand, it is well known that one red blood cell contains about 280 million (28 × 10 7 ) hemoglobin molecules and that for the synthesis of one heme molecule there is a need of 8 SA molecules in the form of active succinate (succinyl-CoA) [41] . ). In terms of the aforementioned points, the prevention of the fetal liver damage in fetuses having the UCDs, can be realized by the daily supplementation with 200 mg of fumaric acid in iron supplement formula during pregnancy.
Mode of prevention of the post-neonatal liver damage
Throughout their lives, many patients with the UCDs experience various degrees of the liver damage, without any explanation of the mechanism of the damage. In accordance with the presented theory, the pathophysiology is probably the same. It is caused by the high concentration of hepatic iron, because of the increased iron absorption and its transportation via the specific transferrin isoform into the liver, as a consequence of the compromised hematopoiesis (since the liver retains its genetically imprinted capability of hematopoiesis throughout the life). The postnatal ″ liver hematopoiesis″ is compromised because of the fumarate deficiency, caused by the urea cycle enzymatic fumarate deficient production. After birth, the fumarate deficiency is further augmented by the protein restricted diet, which practically excludes protein catabolism and "expels" the UC from the hepatocytes. A physiologically required preventive dose of FA can be calculated upon the following consideration: Almost 1% of the body's red blood cells are generated each day and the balance between red blood cell production and the removal of aging red blood cells from the circulation is precisely maintained. The ceaseless hematopoietic process replenishes the senescent cells that leave the circulation and produces nearly 200000000000 (2 × 10 11 ) red blood cells per day [43] . As it was previously demonstrated, approximately 1.0344 × 10 21 of FA molecules must be used for the heme synthesis of 200000000000 (2 × 10
11
) red blood cells. This quantity of FA is concentrated in only one ferrous fumarate pill of 350 mg. In this way, adult patients suffering from the UCDs can prevent the high concentration of iron, by daily consumption of 200 mg of fumarate. An identical calculation can be used for the succinate supplement on the basis of ferric-succinate formulas. The prevention of the hepatic iron excess during childhood can be also achieved with the fumarate-succinate supplementation, i.e., doses should be adjusted according to the age dependent erythropoietic kinetic properties. Bearing in mind that UCD patients are always subjected to an increasing risk of high concentrations of iron in their livers, we would suggest these patients to be supplemented with formulae on the basis of zincfumarate or zinc-succinate.
COMMENTS

Case characteristics
Urea cycle defects (UCDs) occur in approximately 1 of 30000 live births [1] . The clinical hepatic presentation of the UCDs may include acute liver failure (ALF), liver dysfunction, and hepatocellular injury.
Pathological diagnosis
This metabolic profile finding gave the final diagnosis of citrullinemia type Ⅰ, a defect in the urea cycle, caused by the deficiency of argininosuccinate synthetase.
Treatment
The treatment was continued according to the rules for the treatment of acute hypeammomiemia. It included prompt removal of ammonia from the body and providing the organism with adequate calories and essential amino acids to halt further breakdown of endogenous proteins. The patient showed visible clinical and laboratory improvement. The ammonia level fell to 46 μmol/L, alanine aminotransferase level 70 IU/L, aspartate aminotransferase 86 IU/L and LDH level 538 IU/L.
Experiences and lessons
The prevention of the hepatic iron excess during childhood can be also achieved with the fumarate-succinate supplementation, i.e., doses should be adjusted according to the age dependent erythropoietic kinetic properties. Bearing in mind that UCD patients are always subjected to an increasing risk of high concentrations of iron in their livers, we would suggest these patients to be supplemented with formulae on the basis of zinc-fumarate or zinc-succinate.
